Development of alcohol dependence, a chronic and relapsing disease, largely depends on the effects of alcohol on the brain reward systems, specifically the cholinergic‐dopaminergic reward link (for review, see Larsson and Engel, [2004](#acer12337-bib-0034){ref-type="ref"}; Soderpalm et al., [2009](#acer12337-bib-0044){ref-type="ref"}; Volkow and Li, [2004](#acer12337-bib-0049){ref-type="ref"}). There is a comorbidity between alcohol dependence and compulsive over eating (for review, see Dickson et al., [2011](#acer12337-bib-0009){ref-type="ref"}), indicating that gut‐brain hormones, such as ghrelin, could be common biological mechanisms important for reward induced by food and alcohol.

Ghrelin, the endogenous ligand for the growth hormone secretagogue receptor 1A (GHS‐R1A), acts as an important regulator of energy balance (Kojima et al., [1999](#acer12337-bib-0028){ref-type="ref"}). Indeed, ghrelin induces adiposity and increases body weight in rats (Tschöp et al., [2000](#acer12337-bib-0048){ref-type="ref"}). Additionally, central as well as peripheral ghrelin administration increases food intake in rodents, an effect predominantly mediated via hypothalamic GHS‐R1A (Wren et al., [2000](#acer12337-bib-0054){ref-type="ref"}, [2001b](#acer12337-bib-0053){ref-type="ref"}). Human studies show that ghrelin increases the sensation of hunger and appetite. (Wren et al., [2001a](#acer12337-bib-0052){ref-type="ref"}). The plasma levels of ghrelin rise preprandially and fall postprandially in humans as well as in rodents, implying that ghrelin induces meal initiation (for review, see Egecioglu et al., [2011](#acer12337-bib-0010){ref-type="ref"}). The findings that GHS‐R1A are expressed in reward nodes associated with the cholinergic dopaminergic reward link including the ventral tegmental area, the nucleus accumbens, and the laterodorsal tegmental area (for review, see Dickson et al., [2011](#acer12337-bib-0009){ref-type="ref"}) imply that ghrelin may be involved in reward regulation. Initially, it was shown that ghrelin activates cholinergic‐dopaminergic reward link (Abizaid et al., [2006](#acer12337-bib-0001){ref-type="ref"}; Jerlhag et al., [2006a](#acer12337-bib-0015){ref-type="ref"}, [2007](#acer12337-bib-0016){ref-type="ref"}). This was corroborated by the finding showing that the rewarding properties of alcohol, as measured by locomotor stimulation, accumbal dopamine release, and conditioned place preference are attenuated in mice with suppressed GHS‐R1A and ghrelin signaling (Jerlhag et al., [2009](#acer12337-bib-0018){ref-type="ref"}, [2011](#acer12337-bib-0022){ref-type="ref"}) and that GHS‐R1A antagonists reduced the intake and the motivation to consume alcohol in rodents (Jerlhag et al., [2009](#acer12337-bib-0018){ref-type="ref"}; Kaur and Ryabinin, [2010](#acer12337-bib-0024){ref-type="ref"}; Landgren et al., [2012](#acer12337-bib-0033){ref-type="ref"}). Supportively, human genetic findings show that a single‐nucleotide polymorphism in the GHS‐R1A gene is associated with high alcohol consumption in humans (Landgren et al., [2008](#acer12337-bib-0032){ref-type="ref"}). The findings that this gut‐brain hormone is produced centrally (Cowley et al., [2003](#acer12337-bib-0007){ref-type="ref"}; Lu et al., [2002](#acer12337-bib-0037){ref-type="ref"}; Mondal et al., [2005](#acer12337-bib-0041){ref-type="ref"}) as well as in the gastrointestinal tract (Kojima et al., [1999](#acer12337-bib-0028){ref-type="ref"}) raises the need for investigations regarding the importance of central versus peripheral ghrelin for alcohol reward.

The present series of experiments was designed to investigate the role of circulating endogenous ghrelin, by using Spiegelmer NOX‐B11‐2, for alcohol‐induced reward, as measured by locomotor stimulation, accumbal dopamine release, and the expression of conditioned place preference in mice, as well as for alcohol intake in rats. NOX‐B11‐2 inhibits ghrelin\'s activation of GHS‐R1A‐expressing CHO cells by directly binding to the bioactive, acylated form of ghrelin (Shearman et al., [2006](#acer12337-bib-0042){ref-type="ref"}). NOX‐B11‐2 is expected to selectively neutralize ghrelin in the periphery since autoradiography studies of related compounds in rats and cynomolgus monkeys have shown that Spiegelmers do not enter the central nervous system. The results of the present experiments may be of clinical interest since prevention of ghrelin\'s brain access tentatively could be used as novel treatment of alcohol addiction.

Materials and Methods {#acer12337-sec-0006}
=====================

Animals {#acer12337-sec-0007}
-------

Adult post pubertal age‐matched male NMRI mice (8 to 12 weeks old and 25 to 40 g body weight; B&K Universal AB, Sollentuna, Sweden) were used. We have extensive experience with NMRI mice, and they are considered to be a good model for general use and are extensively used in behavioral studies used in psychopharmacology research (Jerlhag et al., [2009](#acer12337-bib-0018){ref-type="ref"}). All mice were group‐housed and maintained at a 12/12 hour light/dark cycle. Adult post pubertal age‐matched male Rcc Han Wistar rats (Harlan, Horst, Netherlands) were used as they are known to voluntarily consume alcohol using the intermittent access model and thereby reach physiological relevant blood alcohol concentrations (Simms et al., [2008](#acer12337-bib-0043){ref-type="ref"}). They were housed individually in high Macrolon III cages covered with filter tops (Tecniplast, Varese, Italy) and maintained on a 12‐hour reversed light dark cycle.

All animals were maintained at 20°C with 50% humidity and tap water and food (Normal chow; Harlan Teklad, Norfolk, UK) were supplied ad libitum. These studies were carried out in strict accordance with the recommendations in the Swedish Animal Welfare Act, and all experiments were approved by the Swedish Ethical Committee on Animal Research in Gothenburg.

Drugs {#acer12337-sec-0008}
-----

For studies investigating alcohol‐induced locomotor stimulation, accumbal dopamine release, and conditioned place preference in mice, alcohol (VWR International AB, Stockholm, Sweden) was diluted in saline (0.9% NaCl) to 15% v/v for intraperitoneal (IP) injections and was administered 5 minutes prior to initiation of the experiments. A dose of 1.75 g/kg was used since it induces a locomotor stimulation, accumbal dopamine release, and conditioned place preference in NMRI mice (Jerlhag et al., [2006b](#acer12337-bib-0020){ref-type="ref"}, [2009](#acer12337-bib-0018){ref-type="ref"}; Larsson et al., [2004](#acer12337-bib-0035){ref-type="ref"}). For the intermittent access 20% alcohol 2‐bottle‐choice drinking paradigm alcohol was diluted in tap water to a final concentration of 20% v/v. Saccharin (Sigma‐Aldrich, Stockholm, Sweden) and quinine hemisulfate (Sigma‐Aldrich) was diluted in tap water to a final concentration of 0.1% and 0.02 mM, respectively. The Spiegelmer compound NOX‐B11‐2 (NOXXON Pharma AG, Berlin, Germany) was diluted in water and thereafter in saline (0.9% NaCl). NOX‐B11‐2 has in previous studies been found to bind to the biologically active ghrelin and thereby preventing the peptide penetrating into the brain (Shearman et al., [2006](#acer12337-bib-0042){ref-type="ref"}). A dose--response study was conducted in mice where the lowest dose (20 mg/kg, IP) with no effect per se was selected (Fig. [1](#acer12337-fig-0001){ref-type="fig"}). In rats, a dose of 20 mg/kg (IP) was administrated since previous studies show that a similar dose reduces ghrelin‐induced food intake (Kobelt et al., [2006](#acer12337-bib-0027){ref-type="ref"}; Shearman et al., [2006](#acer12337-bib-0042){ref-type="ref"}). NOX‐B11‐2 was always administered IP 60 minutes prior to drug challenge as this is the time frame required for NOX‐B11‐2 to bind to circulating ghrelin and prevents its access to the brain (Shearman et al., [2006](#acer12337-bib-0042){ref-type="ref"}). The selected dose did not affect the rodent\'s gross behavior. A balanced or within subject design was used for all drug challenges. All doses refer to the PEGylated compound as anhydrous free acid with a molecular weight of 53.4 g/mol. For IP injections, NOX‐B11‐2 was diluted in 10 ml/kg and in 2 ml/kg for mice and rats, respectively.

![Dose--response effects of NOX‐B11‐2 on locomotor activity in mice. A dose--response study revealed that the highest NOX‐B11‐2 dose (40 mg/kg intraperitoneal \[IP\]) increased the locomotor activity compared to vehicle treatment. Neither of the lower doses of NOX‐B11‐2 (20 and 10 mg/kg IP) had any significant effect on locomotor activity compared with vehicle (*n* = 8 in each group; \**p *\<* *0.05 and n.s *p *\>* *0.05, 1‐way ANOVA followed by a Bonferroni post hoc test). All values represent mean ± SEM.](acer-38-959-g1){#acer12337-fig-0001}

Locomotor Activity Experiments {#acer12337-sec-0009}
------------------------------

Locomotor activity was recorded as described previously (Jerlhag et al., [2006a](#acer12337-bib-0015){ref-type="ref"}). In brief, locomotor activity was registered in sound‐attenuated, ventilated, and dim lit (45 lux) locomotor boxes. Photocell detection allowed a computer‐based system to register the activity of the mice. Locomotor activity was defined as the accumulated number of new photocell beams interrupted during a 60‐minute period.

The mice were allowed to habituate to the locomotor activity box 1 hour prior to drug administration. To identify a dose of NOX‐B11‐2 that did not affect the general gross or locomotor behavior, a dose--response study (NOX‐B11‐2 40, 20, 10 mg/kg or vehicle, *n* = 8 per treatment group) was conducted. Each mouse received 1 injection 60 minutes before the start of the test session. From this experiment the highest NOX‐B11‐2 dose with no effect per se (20 mg/kg, IP) was selected for further studies. Thereafter, the effects of NOX‐B11‐2 (20 mg/kg, IP) on alcohol‐induced (1.75 g/kg, IP) locomotor stimulation were investigated. NOX‐B11‐2 was administered 60 minutes prior to alcohol, and the activity registration started 5 minutes after the alcohol injection. Each mouse received 1 treatment combination (vehicle/vehicle, NOX‐B11‐2/vehicle, vehicle/alcohol, or NOX‐B11‐2/alcohol; *n* = 8 per treatment).

In Vivo Microdialysis and Dopamine Release Measurements {#acer12337-sec-0010}
-------------------------------------------------------

For measurements of extracellular dopamine levels, mice were implanted with a microdialysis probe positioned in the nucleus accumbens. The surgery was performed as described in detail previously (Jerlhag et al., [2006a](#acer12337-bib-0015){ref-type="ref"}). In brief, mice were anesthetized with isoflurane (Isoflurane Baxter; Univentor 400 Anaesthesia Unit, Univentor Ltd., Zejtun, Malta), placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA) and kept on a heating pad to prevent hypothermia. The skull bone was exposed and 1 hole for the probe and 1 for the anchoring screw were drilled. The probe was randomly alternated to either the left or right side of the brain. The coordinates of 1.5 mm anterior to the bregma, ±0.7 lateral to the midline, and 4.7 mm below the surface of the brain surface was used (Franklin and Paxinos, [1996](#acer12337-bib-0011){ref-type="ref"}). All probes were surgically implanted 2 days prior to the experiment. After surgery the mice were kept in individual cages (Macrolon III).

The effect of systemic administration of NOX‐B11‐2 (20 mg/kg, IP) on alcohol‐induced (1.75 g/kg, IP) accumbal dopamine release was investigated using microdialysis in freely moving mice. On the day of the experiment, the probe was connected to a microperfusion pump (U‐864 Syringe Pump; AgnThós AB, Lidingö, Sweden) and perfused with Ringer solution at a rate of 1.5 *μ*l/min. After 1 hour of habituation to the microdialysis set‐up, perfusion samples were collected every 20 minutes. The baseline dopamine level was defined as the average of 3 consecutive samples before the first alcohol or vehicle (saline, IP) challenge (Time 0). This initial alcohol‐challenge was given to establish that all mice included in the experiment would respond with an alcohol‐induced release of accumbal dopamine. The challenge‐induced increase in accumbal dopamine was calculated as the percent increase from baseline. Seven consecutive 20‐minute samples were collected after the initial challenge. At 140 minutes, the mice were injected with NOX‐B11‐2 (20 mg/kg, IP) or vehicle (second challenge), and 60 minutes later, vehicle or a second injection of alcohol (1.75 g/kg, IP) was administered (third challenge; 200 minutes) and followed by collection of four 20‐minute samples (experiment terminated at 280 min). Collectively, the following treatment groups (*n* = 8 in each group) was created: alcohol‐vehicle‐alcohol (Alc‐Veh‐Alc), alcohol‐NOX‐B11‐2‐alcohol (Alc‐NOX‐Alc), alcohol‐vehicle‐vehicle (Alc‐Veh‐Veh), and vehicle‐NOX‐B11‐2‐vehicle (Veh‐NOX‐Veh).

The dopamine levels in the dialysates were determined by high‐performance liquid chromatography with electrochemical detection as described previously (Jerlhag et al., [2006a](#acer12337-bib-0015){ref-type="ref"}).

After the microdialysis experiments were completed, the mice were decapitated. The brains were mounted on a vibroslice device (752M Vibroslice; Campden Instruments Ltd., Loughborough, UK) and cut in 50 *μ*m sections. The location of the probe was determined by gross observation using light microscopy. The exact position of the probe was verified (Franklin and Paxinos, [1996](#acer12337-bib-0011){ref-type="ref"}), and only mice with correct placements were used in the statistical analysis.

Conditioned Place Preference {#acer12337-sec-0011}
----------------------------

To evaluate the effects of NOX‐B11‐2 on the rewarding effects of alcohol, conditioned place preference tests were performed in mice as previously described (Jerlhag et al., [2009](#acer12337-bib-0018){ref-type="ref"}). In brief, a 2‐chambered conditioned place preference apparatus (45 lux) and distinct visual and tactile cues was used. The procedure consisted of preconditioning (day 1), conditioning (days 2 to 5), and postconditioning (day 6). At preconditioning, mice were injected IP with vehicle and were placed in the chamber with free access to both compartments during 20 minutes to determine the initial place preference. Conditioning (20 minutes per session) was done using a biased procedure in which alcohol (1.75 g/kg, IP) was paired with the least preferred compartment and vehicle with the preferred compartment. All mice received 1 alcohol and 1 vehicle injection every day and the injections were altered between morning and afternoon in a balanced design. At postconditioning, mice were injected with NOX‐B11‐2 (20 mg/kg, IP) or an equal volume of vehicle solution and, 60 minutes later, placed on the midline between the 2 compartments with free access to both compartments for 20 minutes (creating the following treatment groups; Alc‐Veh and Alc‐NOX). A control group of animals was subjected to the same procedure but received only vehicle injections throughout the conditioning (nonalcohol conditioned control group: creating the following treatment groups Veh‐Veh and Veh‐NOX). It should be noted that the present conditioned place preference design investigates the effect of NOX‐B11‐2 and vehicle on the expression, rather than acquisition, of conditioned place preference.

Conditioned place preference was calculated as the difference in % of total time spent in the drug‐paired (i.e., less preferred) compartment during the postconditioning and the preconditioning session.

Intermittent Access 20% Alcohol 2‐Bottle‐Choice Drinking Paradigm {#acer12337-sec-0012}
-----------------------------------------------------------------

The intermittent access 20% alcohol 2‐bottle‐choice drinking paradigm induces voluntary intake of high amounts of alcohol and pharmacological relevant blood alcohol concentrations (Carnicella et al., [2009](#acer12337-bib-0005){ref-type="ref"}; Simms et al., [2008](#acer12337-bib-0043){ref-type="ref"}). This drinking model has been extensively used as a preclinical screening tool for potential new treatments of alcohol dependence (Landgren et al., [2012](#acer12337-bib-0033){ref-type="ref"}; Steensland et al., [2007](#acer12337-bib-0046){ref-type="ref"}, [2012](#acer12337-bib-0045){ref-type="ref"}), and it seems to predict the efficacy of potential alcohol use disorder medications (e.g., varenicline) (McKee et al., [2009](#acer12337-bib-0039){ref-type="ref"}; Mitchell et al., [2012](#acer12337-bib-0040){ref-type="ref"}). In brief, the rats (*n* = 15) were given free access to 1 bottle of 20% alcohol and 1 bottle of water during three 24‐hour sessions per week (Mondays, Wednesdays, and Fridays), after the lights went out. The rats had unlimited access to 2 bottles of water between the alcohol access periods. Bottles were weighed manually at 1, 4, and 24 hours after the fluids were presented, and measurements were taken to the nearest 0.1 g. The body weight of each rat was measured daily prior to bottle presentation, to allow for calculating the grams of alcohol intake per kilogram of body weight (g/kg). The preference for alcohol over water (the ratio of alcohol to total fluid intake) was calculated at all time points. Administration of NOX‐B11‐2 began after the rats had voluntarily consumed high amounts of alcohol (3.4 ± 0.3 g/kg/24 h) for approximately 9 weeks. Each rat received NOX‐B11‐2 (20 mg/kg, IP) or an equal volume of vehicle solution the first day and vice versa the second treatment day (which corresponded to alcohol drinking days). Thus, each animal served as its own control.

Blood Alcohol Concentration {#acer12337-sec-0013}
---------------------------

The effect of vehicle or NOX‐B11‐2 treatment on blood alcohol concentration in NMRI mice was investigated. The mice were injected with NOX‐B11‐2 (20 mg/kg, IP) or an equal volume of vehicle. Sixty minutes later, the mice were injected with alcohol (1.75 g/kg). Twenty minutes later, the mice were decapitated, and blood was collected in micro tubes (Vacuette; Greiner Bio‐one, Florence, Italy). The analysis of the blood alcohol concentration was outsourced to Sahlghrenska University Hospital (Gothenburg, Sweden; study agreement BML‐NEURO).

Saccharin and Quinine Consumption Paradigms {#acer12337-sec-0014}
-------------------------------------------

The mice were housed individually with continuous access to either tap water/saccharin solution (0.1%) or tap water/quinine solution (0.02 mM) for 5 days. On the sixth day, the mice were treated with NOX‐B11‐2 (20 mg/kg, IP) or an equal volume of vehicle. Bottles were weighed manually at 0 and 24 hours after the fluids were presented. The effect of NOX‐B11‐2 or vehicle treatment on the preference for saccharin or quinine was investigated. Food was freely supplied.

Statistical Analysis {#acer12337-sec-0015}
--------------------

Locomotor activity data were evaluated by a 1‐way analysis of variance (ANOVA) followed by Bonferroni post hoc tests. The microdialysis experiments were evaluated by a 2‐way ANOVA followed by Bonferroni post hoc test for comparisons between different treatments and specifically at given time points. The conditioned place preference data were evaluated by an unpaired *t*‐test. The data from intermittent access 20% alcohol 2‐bottle‐choice drinking paradigm were analyzed by a paired *t*‐test. Data from the blood alcohol concentration analysis as well as saccharin and quinine drinking experiments were analyzed with an unpaired *t*‐test. Data are presented as mean ± SEM. A probability value of *p* \< 0.05 was considered as statistically significant.

Results {#acer12337-sec-0016}
=======

Dose--Response Effects of NOX‐B11‐2 on Locomotor Activity in Mice {#acer12337-sec-0017}
-----------------------------------------------------------------

A statistically significant overall effect of NOX‐B11‐2 treatment on locomotor activity was observed, *F*(3, 28) = 3.12, *p *=* *0.042; *n* = 8 per group. Post hoc analysis revealed that the highest NOX‐B11‐2 dose (40 mg/kg) increased the locomotor activity compared to vehicle (*p *= 0.05) while the lower NOX‐B11‐2 doses (20 and 10 mg/kg) had no significant effect on locomotor activity compared to vehicle (*p *=* *0.69 and *p *=* *0.44, respectively) (Fig. [1](#acer12337-fig-0001){ref-type="fig"}).

Effects of NOX‐B11‐2 on Alcohol‐Induced Locomotor Stimulation, Accumbal Dopamine Release, and Conditioned Place Preference in Mice {#acer12337-sec-0018}
----------------------------------------------------------------------------------------------------------------------------------

An overall main effect of treatment was found on locomotor activity in mice following systemic administration of alcohol (1.75 g/kg) and NOX‐B11‐2 (20 mg/kg), *F*(3, 25) = 3.70, *p *=* *0.025; *n* = 7 to 8 per group (Fig. [2](#acer12337-fig-0002){ref-type="fig"}*A*). As shown in Fig. [2](#acer12337-fig-0002){ref-type="fig"}*A*, post hoc analysis revealed that alcohol significantly increased the locomotor activity in both vehicle (*p *=* *0.021; Veh‐Veh vs. Veh‐Alc) and NOX‐B11‐2 (*p* = 0.009; Veh‐Veh vs. NOX‐Alc) pretreated mice. Indeed, the magnitude of alcohol‐induced locomotor stimulation was not affected by pretreatment with a single injection of NOX‐B11‐2 as compared to vehicle pretreatment (*p* = 0.770; Veh‐Alc vs. NOX‐Alc). The selected dose of NOX‐B11‐2 had no significant effect on locomotor activity compared to vehicle treatment (*p *=* *0.478; Veh‐Veh vs. NOX‐Veh).

![NOX‐B11‐2 does not affect the alcohol‐induced locomotor stimulation, accumbal dopamine release, and conditioned place preference in mice. (**A**) Alcohol‐induced (1.75 g/kg intraperitoneal \[IP\]) locomotor stimulation was not affected by a single injection of NOX‐B11‐2 (NOX, 20 mg/kg IP) (*n* = 7 to 8 in each group; \*\*\**p *\<* *0.001 and n.s *p *\>* *0.05, 1‐way ANOVA followed by a Bonferroni post hoc test). (**B**) The alcohol‐induced (1.75 g/kg IP) increase in accumbal dopamine release was not effected in NOX‐B11‐2‐ (NOX, 20 mg/kg IP) compared with vehicle‐pretreated mice (*n* = 7 to 8 in each group). Arrows represent time points of injection of alcohol, NOX‐B11‐2 (NOX), or vehicle. Initial injections of alcohol increased dopamine release in all groups (Alc‐Veh‐Alc, Alc‐NOX‐Alc, and for Alc‐Veh‐Veh) in comparison to the group initially receiving vehicle treatment (Veh‐NOX‐Veh). Pretreatment with NOX‐B11‐2 (NOX) prior to the second injection of alcohol did not affect the alcohol‐induced increase in dopamine release (Alc‐Veh‐Alc vs. Alc‐NOX‐Alc), thus there was a significant difference in response between Alc‐Veh‐Veh and Alc‐NOX‐Alc (\#\#*p *\<* *0.01 and \#\#\#*p *\<* *0.001, 2‐way ANOVA followed by a Bonferroni post hoc test), as well as between Alc‐Veh‐Veh and Alc‐Veh‐Alc (\**p *\<* *0.05 and \*\**p *\<* *0.01, 2‐way ANOVA followed by a Bonferroni post hoc test). (**C**) The alcohol‐induced (1.75 g/kg IP) conditioned place preference (CPP) was not attenuated by an acute single IP injection of NOX‐B11‐2 (NOX, 20 mg/kg IP) in mice (*n* = 7 to 8 in each group, n.s. *p *\>* *0.05, unpaired *t*‐test). All values represent mean ± SEM.](acer-38-959-g2){#acer12337-fig-0002}

Accumbal microdialysis measurements of dopamine in mice revealed an overall main effect of treatment, *F*(3, 16) = 4.13, *p* \< 0.0001, *n* = 7 to 8 in each group, time, *F*(16, 357) = 60.49, *p* \< 0.0001, and a significant interaction of treatment × time, *F*(16, 357) = 2.01, *p* = 0.0002 (Fig. [2](#acer12337-fig-0002){ref-type="fig"}*B*). In the first part of the experiment, the responsiveness to alcohol (1.75 g/kg) per se was investigated. Initial injections of alcohol caused a significant increase in accumbal dopamine release compared to vehicle treatment at time point 80 (*p* \< 0.05) and 180 minutes (*p* \< 0.001) for the future Alc‐Veh‐Alc group, and at time points 60 to 80 (*p* \< 0.05) and 120 minutes (*p* \< 0.05) for the future Alc‐Veh‐Veh and at time points 20 (*p* \< 0.05), 40 (*p* \< 0.01), 60 (*p* \< 0.05), 80 to 100 (*p* \< 0.01), 120 (*p* \< 0.05), 160 (*p* \< 0.001), and 180 (*p* \< 0.01) minutes for the future Alc‐NOX‐Alc group (Fig. [2](#acer12337-fig-0002){ref-type="fig"}*B*). In the subsequent part of the experiment, administration of NOX‐B11‐2 (20 mg/kg, IP at 140 minutes) 60 minutes prior to the second alcohol injection (1.75 g/kg, IP at 200 minutes) (Alc‐NOX‐Alc), did not affect the alcohol‐induced accumbal dopamine release compared to vehicle pretreatment (Alc‐Veh‐Alc) at any time point (220 to 280 minutes) (*p* \> 0.05), Fig. [2](#acer12337-fig-0002){ref-type="fig"}*B*. In these treatment groups (Alc‐NOX‐Alc and Alc‐Veh‐Alc), there was a significant increase in accumbal dopamine releases compared to vehicle treatment (Alc‐Veh‐Veh) at time point 220 to 260 minutes (*p* \< 0.01) for the Alc‐Veh‐Alc group, and at time points 220 to 240 (*p* \< 0.01) and 280 minutes (*p* \< 0.05) minutes for the Alc‐NOX‐Alc group, Fig. [2](#acer12337-fig-0002){ref-type="fig"}*B*. When administered alone, NOX‐B11‐2 had no significant effect on accumbal dopamine release compared to vehicle treatment (*p* \> 0.05 at time points 200 to 280 minutes; Veh‐NOX‐Veh vs. Alc‐Veh‐Veh).

In the conditioned place preference experiments, NOX‐B11‐2 (NOX, 20 mg/kg, IP, *n* = 7 to 8) had no effect on the alcohol‐induced (1.75 kg/kg) (Veh, IP, *n* = 7 to 8) expression of conditioned place preference (*p* \< 0.146) (Fig. [2](#acer12337-fig-0002){ref-type="fig"}*C*). In the second series of conditioned place preference experiments, conducted in vehicle‐conditioned mice, NOX‐B11‐2 (NOX, 20 mg/kg, IP, *n* = 7 to 8) per se did not affect conditioned place preference compared to vehicle injections (Veh‐Veh: 1.0 ± 7.8%; Veh‐NOX: 1.6 ± 6.2%, *p* = 0.959, *n* = 7 to 8 in each group).

Effects of NOX‐B11‐2‐B11‐2 on Voluntary Alcohol Intake Using the Intermittent Access Model in Rats {#acer12337-sec-0019}
--------------------------------------------------------------------------------------------------

The effect of NOX‐B11‐2 (NOX, 20 mg/kg, IP) or an equal volume of vehicle on voluntary alcohol intake was evaluated in rats that had consumed high amounts of alcohol (3.4 ± 0.3 g/kg/24 h, *n* = 15) for 9 weeks prior to the test. There was no effect of NOX‐B11‐2 treatment on alcohol intake (g/kg) at any time points analyzed compared to vehicle treatment (1 hour: *p *=* *0.544; 4 hours: *p *=* *0.757; 24 hours: *p *=* *0.768) (Fig. [3](#acer12337-fig-0003){ref-type="fig"}*A*--*C*). Furthermore, NOX‐B11‐2 treatment had no effect on water intake at any time point (1 hour: *p *=* *0.728; 4 hours: *p *=* *0.892; 24 hours: *p *=* *0.856) (Fig. [3](#acer12337-fig-0003){ref-type="fig"}*D*--*F*). There was no effect of NOX‐B11‐2 treatment on alcohol preference at any time point (1 hour: *p *=* *0.600; 4 hours: *p *=* *0.907; 24 hours: *p *=* *0.941) (1 hour: 55.5 ± 5.4 and 51.9 ± 5.5%; 4 hours: 47.9 ± 3.6 and 47.4 ± 3.0%; 24 hours: 42.5 ± 2.9 and 42.7 ± 2.4% for vehicle and NOX‐B11‐2, respectively). There was no effect on the total fluid intake following NOX‐B11‐2 treatment at any time point (1 hour: *p *=* *0.857; 4 hours: *p *=* *0.752; 24 hours: *p *=* *0.657) (1 hour: 4.4 ± 0.4 and 4.5 ± 0.3 g; 4 hours: 9.8 ± 0.4 and 9.7 ± 0.6 g; 24 hours: 24.4 ± 1.0 and 24.0 ± 1.1 g for vehicle and NOX‐B11‐2, respectively). However, NOX‐B11‐2 treatment significantly reduced the food intake at the 1‐hour time point (*p *=* *0.013, Fig. [3](#acer12337-fig-0003){ref-type="fig"}*G*), but not at 4‐ or 24‐hours time points compared to vehicle treatment (4 hours: *p *=* *0.079; 24 hours: *p *=* *0.284) (Fig. [3](#acer12337-fig-0003){ref-type="fig"}*H,I*). There was no effect on the body weight following NOX‐B11‐2 treatment (*p *=* *0.656) (439 ± 9 and 439 ± 10 g for vehicle, and NOX‐B11‐2, respectively).

![NOX‐B11‐2 does not affect alcohol or water intake, but reduced food intake in rats. NOX‐B11‐2 (NOX, 20 mg/kg intraperitoneal \[IP\]) did not affect alcohol intake (g/kg) at any time point measured (1 (**A**), 4 (**B**) or 24 (**C**) hours) compared to vehicle treatment in rats that had voluntarily consumed alcohol for 9 weeks before the treatment. NOX‐B11‐2 (NOX, 20 mg/kg IP) did not affect water intake (g/kg) at any time point measured (1 (**D**), 4 (**E**) or 24 (**F**) hours) compared to vehicle treatment in rats that had voluntarily consumed alcohol for 9 weeks before the treatment. NOX‐B11‐2 (NOX, 20 mg/kg IP) reduced food intake (g/kg) at the 1‐hour time point (**G**) but not at any other time point measured (4 (**H**) or 24 (**I**) hours) compared to vehicle treatment in rats that had voluntarily consumed alcohol for 9 weeks before the treatment. All values represent mean ± SEM (*n* = 15, \**p *\<* *0.05, compared to vehicle, paired *t*‐test).](acer-38-959-g3){#acer12337-fig-0003}

To evaluate whether NOX‐B11‐2 treatment affected water consumption after the treatment was terminated, the water intake during the drinking session initiated 24 hours after NOX‐B11‐2 and vehicle administration was evaluated. No effect on the water intake was found during the first drinking session following the NOX‐B11‐2 treatment (24 hours: 25.2 ± 1.3 g for vehicle and 25.6 ± 0.8 g for NOX‐B11‐2, *p *=* *0.743).

Effect of NOX‐B11‐2 on Blood Alcohol Concentration in Mice {#acer12337-sec-0020}
----------------------------------------------------------

NOX‐B11‐2 treatment (*n* = 9) had no effect on the blood alcohol concentration compared to vehicle treatment (*n* = 7) (42.9 ± 0.9 mM for NOX‐B11‐2, *p *=* *0.629 and 43.6 ± 1.0 mM for vehicle).

Effects of NOX‐B11‐2 on Preference for Nonethanol Tastants (Saccharin as well as Quinine) in Mice {#acer12337-sec-0021}
-------------------------------------------------------------------------------------------------

NOX‐B11‐2 treatment (*n* = 4) had no effect on the preference for saccharin compared to vehicle treatment (*n* = 4) (65.4 ± 12.0% for vehicle and 61.3 ± 14.9% for NOX‐B11‐2, *p *=* *0.840). Nor had NOX‐B11‐2 treatment (*n* = 4) an effect on the preference for quinine compared to vehicle treatment (*n* = 4) (22.9 ± 8.4% for NOX‐B11‐2, *p *=* *0.134 and 52.2 ± 14.7% for vehicle).

Discussion {#acer12337-sec-0022}
==========

The present study provides novel data indicating that circulating endogenous ghrelin is not important for alcohol reinforcement. Indeed, we showed that NOX‐B11‐2, which binds to acylated ghrelin in the periphery and thereby prevents its brain access, does not attenuate the alcohol‐induced locomotor activity, accumbal dopamine release, and expression of conditioned place preference in mice. Moreover, NOX‐B11‐2 did not affect alcohol intake using the intermittent access 20% alcohol 2‐bottle‐choice drinking paradigm in rats. In addition, we showed that NOX‐B11‐2 did not affect the blood alcohol concentration in mice. Finally, NOX‐B11‐2 did not affect the preference for saccharin nor for quinine. The present finding supports a role for circulating ghrelin as a physiological regulator of food intake as we here showed that NOX‐B11‐2 reduced food intake in rats.

The ability of alcohol to induce a locomotor stimulation, dopamine release and conditioned place preference is reduced in ghrelin knockout mice (Jerlhag et al., [2011](#acer12337-bib-0022){ref-type="ref"}), implying that either centrally or peripherally produced ghrelin is of importance for alcohol reinforcement. The findings that IP injections of ghrelin does not alter alcohol intake in alcohol‐naïve rats (Lyons et al., [2008](#acer12337-bib-0038){ref-type="ref"}), that ghrelin is produced centrally (Cowley et al., [2003](#acer12337-bib-0007){ref-type="ref"}; Lu et al., [2002](#acer12337-bib-0037){ref-type="ref"}; Mondal et al., [2005](#acer12337-bib-0041){ref-type="ref"}), and that NOX‐B11‐2 does not alter alcohol reinforcement collectively suggest that centrally, rather than peripherally, produced ghrelin is of importance for alcohol intake and alcohol reward in rodents. Supportively, local administration of ghrelin into the reward nodes ventral tegmental area or laterodorsal tegmental area increases alcohol consumption in mice (Jerlhag et al., [2009](#acer12337-bib-0018){ref-type="ref"}). Another tentative explanation may be that the preprandial increase of ghrelin (for review, see Egecioglu et al., [2011](#acer12337-bib-0010){ref-type="ref"}), which is blocked by administration of NOX‐B11‐2, is too low to regulate brain‐mediated behaviors such as alcohol intake in rats. However, this appears less likely as NOX‐B11‐2 reduces food intake, which is mediated via hypothalamic GHS‐R1A, in our alcohol‐drinking rats.

Albeit, the present study shows that circulating ghrelin does not mediate alcohol reward and alcohol intake in rodents, previous clinical studies have found associations between plasma levels of ghrelin and alcohol use disorder in humans. Indeed, high plasma levels of ghrelin have been observed in abstinent alcoholics (Kim et al., [2005](#acer12337-bib-0026){ref-type="ref"}; Kraus et al., [2005](#acer12337-bib-0030){ref-type="ref"}) and have been associated with high craving scores in alcoholics (Addolorato et al., [2006](#acer12337-bib-0002){ref-type="ref"}; Hillemacher et al., [2007](#acer12337-bib-0012){ref-type="ref"}; Koopmann et al., [2012](#acer12337-bib-0029){ref-type="ref"}; Leggio et al., [2012](#acer12337-bib-0036){ref-type="ref"}). In addition, a recent longitudinal study showed that ghrelin levels increase when alcoholics abstain, while ghrelin levels decrease when alcoholics relapse in drinking (Leggio et al., [2012](#acer12337-bib-0036){ref-type="ref"}). A speculative explanation may be that the elevated peripheral ghrelin levels observed in craving alcoholics indirectly reflect the central ghrelin levels of those patients. It has also been found that the plasma levels of ghrelin are lower in active drinking alcoholics than in healthy controls (Addolorato et al., [2006](#acer12337-bib-0002){ref-type="ref"}; Badaoui et al., [2008](#acer12337-bib-0003){ref-type="ref"}; Calissendorff et al., [2006](#acer12337-bib-0004){ref-type="ref"}), which in all probability may be due to that acute alcohol intake reduces the plasma levels of ghrelin (Zimmermann et al., [2007](#acer12337-bib-0055){ref-type="ref"}). The possibility should therefore be considered that NOX‐B11‐2 did not affect alcohol intake in our rats since they were actively drinking and therefore may have had low plasma levels of ghrelin. However, this needs to be further elucidated. The findings that the cholinergic--dopaminergic reward link is activated by pharmacological‐induced hyperghrelinemia (Jerlhag, [2008](#acer12337-bib-0014){ref-type="ref"}; Jerlhag et al., [2012](#acer12337-bib-0021){ref-type="ref"}) and that elevated ghrelin levels associated with craving (Addolorato et al., [2006](#acer12337-bib-0002){ref-type="ref"}; Koopmann et al., [2012](#acer12337-bib-0029){ref-type="ref"}; Leggio et al., [2012](#acer12337-bib-0036){ref-type="ref"}), may imply that high plasma levels of ghrelin may be needed for reward interactions. Supportively, animal studies show that hyperghrelinemia is associated with cocaine seeking and that peripheral ghrelin administration augments the cocaine‐induced conditioned place preference and locomotor stimulation (Clifford et al., [2012](#acer12337-bib-0006){ref-type="ref"}; Davis et al., [2007](#acer12337-bib-0008){ref-type="ref"}; Tessari et al., [2007](#acer12337-bib-0047){ref-type="ref"}; Wellman et al., [2005](#acer12337-bib-0051){ref-type="ref"}, [2012](#acer12337-bib-0050){ref-type="ref"}). Conclusively, future studies on the role of peripheral versus central ghrelin in relation to alcohol reward, intake, and craving are warranted.

Herein we present novel data showing that NOX‐B11‐2, which prevents brain access for circulating ghrelin, does not affect the ability of alcohol to induce a locomotor stimulation, accumbal dopamine release, and expression of conditioned place preference in mice. It should be noted that this conditioned place preference design possibly does not allow to distinguishing whether alcohol works through increasing preference or through decreasing avoidance of the nonpreferred floor. The possibility that anxiolytic, rather than rewarding, effects of alcohol are studies should also be considered. However, we hypothesize that the rewarding properties of alcohol are measured as we also show that NOX‐B11‐2 does not interfere with parameters reflecting reward and activation of the mesolimbic dopamine system, namely the alcohol‐induced locomotor stimulation and accumbal dopamine release. In the present series of experiments, a dose of NOX‐B11‐2 that does not affect the locomotor activity, accumbal dopamine release, and conditioned place preference was used. Moreover, the selected dose did not affect the blood alcohol concentration in mice.

In addition to central ghrelin production, a role for GHS‐R1A in alcohol‐mediated behaviors should be considered. Indeed, previous studies show that pharmacological (central or peripheral GHS‐R1A antagonist administration) and genetical suppression of GHS‐R1A signaling blocks the alcohol‐induced locomotor stimulation, accumbal dopamine release, and conditioned place preference in rodents (Jerlhag et al., [2009](#acer12337-bib-0018){ref-type="ref"}). In addition, GHS‐R1A antagonism reduces the intake and motivation to consume alcohol in rodents (Jerlhag et al., [2009](#acer12337-bib-0018){ref-type="ref"}; Kaur and Ryabinin, [2010](#acer12337-bib-0024){ref-type="ref"}; Landgren et al., [2012](#acer12337-bib-0033){ref-type="ref"}). Additionally, the expression of GHS‐R1A in the ventral tegmental area is higher in high‐ compared to low‐alcohol consuming rats (Landgren et al., [2011](#acer12337-bib-0031){ref-type="ref"}). Further support for a role of GHS‐R1A in reward regulation is the human genetic data showing that a single nucleotide polymorphism in the GHS‐R1A gene is associated with high alcohol consumption in humans (Landgren et al., [2008](#acer12337-bib-0032){ref-type="ref"}). Given that GHS‐R1A has been shown to alter the sensitivity of the mesolimbic dopamine system via its ability to heterodimerize with dopamine D1‐ and D2‐like receptors (Jiang et al., [2006](#acer12337-bib-0023){ref-type="ref"}; Kern et al., [2012](#acer12337-bib-0025){ref-type="ref"}) as well as via its constitutive activity (Holst et al., [2003](#acer12337-bib-0013){ref-type="ref"}), we hypothesize that ventral tegmental GHS‐R1A are important for reward processes and for development of alcohol use disorder. Given that ghrelin is an orexigenic peptide and that alcohol contains calories, it should be considered that the ability of GHS‐R1A antagonists to reduce alcohol intake is due to interference with alcohol\'s calorific value and rather than its rewarding properties. However, this appears less likely since animal studies show that the rewarding properties of rewards without caloric content, such as cocaine, amphetamine, and nicotine, are attenuated by GHS‐R1A antagonist treatment (Jerlhag and Engel, [2011](#acer12337-bib-0019){ref-type="ref"}; Jerlhag et al., [2010](#acer12337-bib-0017){ref-type="ref"}). In addition to drug reward, central ghrelin signaling also appears to be important for natural rewards such as palatable food, sucrose, and saccharine (for review, see Egecioglu et al., [2011](#acer12337-bib-0010){ref-type="ref"}). In the present series of experiments, we showed that NOX‐B11‐2 does not affect the preference for saccharin, supporting a role for central, rather than peripheral, ghrelin signaling for the intake of palatable rewards. Collectively, these data imply that GHS‐R1A have a general role in reward and addiction processes.

The present findings support a physiological role for circulating ghrelin in food intake, appetite as well as meal initiation (Egecioglu et al., [2011](#acer12337-bib-0010){ref-type="ref"}; Wren et al., [2000](#acer12337-bib-0054){ref-type="ref"}, [2001a](#acer12337-bib-0052){ref-type="ref"},[b](#acer12337-bib-0053){ref-type="ref"}), as we here showed that NOX‐B11‐2 reduced food intake in alcohol‐drinking rats. Supportively, previous studies show that NOX‐B11‐2 decreased food intake in rodents via ghrelin‐dependent mechanisms (Kobelt et al., [2006](#acer12337-bib-0027){ref-type="ref"}; Shearman et al., [2006](#acer12337-bib-0042){ref-type="ref"}). In both rodents and humans, the plasma levels of ghrelin increase preprandially and thereby induce food intake (for review, see Egecioglu et al., [2011](#acer12337-bib-0010){ref-type="ref"}). By administrating NOX‐B11‐2 before the dark phase in alcohol‐drinking rats, the preprandial increase of ghrelin is blunted, which, in all probability, may cause the observed reduction in food intake. Ghrelin‐induced food intake is, at least in part, mediated via hypothalamic circuits (Wren et al., [2000](#acer12337-bib-0054){ref-type="ref"}, [2001b](#acer12337-bib-0053){ref-type="ref"}), raising the possibility that circulating ghrelin may access the hypothalamus but not deeper brain areas such as the mesolimbic dopamine system. However, this appears less likely since peripheral ghrelin administration increases the locomotor activity, accumbal dopamine release, and conditioned place preference (Jerlhag, [2008](#acer12337-bib-0014){ref-type="ref"}). We therefore hypothesize that circulating endogenous ghrelin is a physiological regulator of food intake and meal initiation, rather than a mediator of alcohol reinforcement. The results regarding food intake may be of clinical interest as prevention of ghrelin\'s brain access tentatively could be used as treatment of compulsive overeating.

Collectively, it may be implied that central ghrelin signaling, specifically via GHS‐R1A on reward nodes, may be a potential target for pharmacological treatment of alcohol dependence.
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